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With this report we transmit the final list of two books, two contributions
to books, 96 articles which have appeared in the professional journals of physics
and in proceedings of international meetings, and 93 other contributions to such
meetings, all of which papers or books were based on work supported by this Con-
tract. To provide an overview, we list here highlights of the research and dis-
coveries made therein during the ten-year term of this Contract:

/] Study of lifetimes of metastable, X-ray and Auger-emitting highly ionized
ions, to learn about the magnitude of violation of selection rules for
radiative processes of various orders brought about by relativistic magnetic
interactions involving core electrons and highly ionized atoms.

o Invention and development of projectile electron spectroscopy, in which energy
analysis of electrons emitted by ions undergoing Auger decay in flight can be
used to study the lifetimes of highly ionized ions metastable against Coulomb
autoionization. This method was found useful for studying core-excited ions
which decay preferentially by Auger emission.

o Discovery of strong projectile ionic charge-state dependence of inner-shell
X-ray production processes for highly ionized projectiles. This discovery
was the forerunner of much intensive activity concerning the physics of slow,
high charge-state recoil particles being studied in collision experiments in
accelerator laboratories throughout the world. It also is the basis for
rapidly developing experiments on the trapping of high charge-state ions in
electromagnetic bottles for the purpose of studying their collision interac-
tions and spectroscopy.

0 Discovery of coherent electric dipole oscillations of electronic charge dis-
tributions of atoms coherently excited in thin foils, and in gases under
single-collision conditions.

Al alal e

o Measurement of transition probabilities for electrostatic fine structure
transitions in lithium-like, beryllium-like, and boron-like ions of high
nuclear charge. Relativistic effects on transition probabilities were the
main effects of interest.
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(4] Discovery of large polarizations for continuum X-rays emitted in small impact-
parameter ion-atom collisions.

° Discovery of large isotope effects in inner-shell vacancy production by heavy
ions near threshold.

A A
Al

Measurement of electron capture by highly ionized ions in atomic hydrogen in
the adiabatic collision regime (quasi-resonant electron capture).

[
(]
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o Measurement of electron capture by protons in atomic hydrogen at high velo-
cities (three-body problem).
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Investigation of electron loss to the continuum as manifested by the analysis
of the shape and yield of the forward cusp observed in the emergent electron
distribution subsequent to ion-atom collisions.

‘Investigation of the convoy electron peak accompanying the passage of high-
speed heavy ions through solid matter. The properties of the electrons
emerging from solid materials with nearly the same speed and direction as the
ions which generate them have produced many surprises. Among them: The yield

of electrons is found to be sensitive to the projectile nuclear charge, but
not to the emergent projectile ionic charge.

Development of methods to exploit the large cross sections discovered for
production of high charge-state recoil ions by trapping these ions in elec-
tromagnetic bottles. Methods for containing and studying collision interac-

tions for such ions over a period of seconds were in an early stage of develop-
ment at the end of the contract. ‘

Attached is a list in chronological order by various categories of the publi-

cations arising from performance under this contract, listed by title, authors,
and place of publication.
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- Books

J ~ ™Highly Tonized Tons," in Advances in Atomic and Molecular Physics, D. R. Bates
N and B. Bederson, eds., Academic Press, New York (1976), Vol. 12, p. 21S.

"The Measurement of Autoionizing Ion Levels and Lifetimes by Fast Projectile
Electron Spectroscopy,” in Topics in Current Physics, Vol. I: Beam Foil Spec-
troscopy, S. Bashkin, ed., Springer-Verlag, Heidelberg (1976), pp. 265-297.

‘ Beam Foil Spectroscopy: Vol. 1, Atomic Structure and Lifetimes, Vol. 2, Colli-
I sional and Radiative Interactions, I. A. Sellin and D. J. Pegg, eds. Plenum
\ Press, New York (1976). .

Structure and Collisions of Ions and Atoms, I. A. Sellin, ed., Springer-Verlag,
Heidelberg (1978); op. cit., "Extensions of Beam Foil Spectroscopy,' Chapter 6.

Articles in Major Journals and Proceedings

"Metastable Autoionizing States of Highly Excited Heavy Ions." with D. J. Pegg,
P. M. Griffin, and W. W. Smith, Phys. Rev. Lett. 28, 1229 (1972).

- "Metastable Autoionizing States in Sodium-like Chlorine,” with D. J. Pegg, P. M.

o "Beam Fractions in the Lowest-Quartet Metastable Autoionizing State for os’ and Fe’
Beams after Passage Through Foils,” W. W. Smith, B. Donnally, D. J. Pegg, M. D.
Brown, and I. A. Sellin, Phys. Rev. A 7, 487 (1973).

"Metastable States of Highly Excited Heavy Ions,” with D. J. Pegg, P. M. Griffin,

‘('ig!l'.;.)smith’ and B. Donnally, in Atomic Physics 3, Plenum Press, London, p. 327

- "Projectile Structure Effects on Neon K X-Ray Production by Fast, Highly Ionized
Argon Beams," with J. R. Mowat, P. M. Griffin, D. J. Pegg, and R. S. Peterson,
" Phys. Rev. Lett. 29, 1577 (1972). '

"Exponential Projectile Charge Dependence of Ar K and Ne K X-Ray Production
by Fast, Highly Ionized Argon Beams in Thin Neon Targets,'" Proceedings of the
Eighth International Conference on the Physics of Electronic and Atomic Collisions,
B. Cobic and M. Kurepa, eds., Graficko Preduzece Buducnost, Zrenjanin, Yugoslavia
(July, 1973), p. 727,

P TN

s

e ey

"Heavy lons - Looking Ahead," with J. H. Hamilton, Physics Today 26, No. 4,
42 (1973).

"Mean Life of the Metastable 23P, State of the Two-Electron Fluorine lon," with
J. R. Mowat, R. S. Peterson, D. J. Pegg, M. D. Brown, and J. R. MacDonald,
.'.'.. Phys. RGV. .A_§,’ 145 (1973)-
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- "Observation of Coherent Electron Density Distribution Oscillations in Collision-
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"Electron Spectroscopy of Foil-Excited Chlorine Beams," with D. J. Pegg, P. M.
Griffin, and W. W. Smith, Nucl. Instr. and Meth. 110, 489 (1973).

"Metastable Autoionizing States,’” Nucl. Instr. and Meth. 110, 477 (1973).

"Exponential Projectile Charge Dependence of Ar K and Ne K X-Ray Production by
Fast, Highly-Ionized Argon Beams in Thin Neon Targets,' with J. R. Mowat, D. J.
Pegg, R. S. Peterson, J. R. MacDonald, and M. D. Brown, Phys. Rev, Lett. 30,
1289 (1973). . .

"One- and Two-Electron Excited States Producted by Electron Exchange, Excitation,
and Electron Capture in Collisions of Fluorine Ions in Argon Gas at 34.8 Mev ,“
with J. R. Macdonald, P. Richard, C. L. Cocke, and M. D. Brown, Phys. Rev. Lett.
31, 684 (1973). _

"Electron Decay-In-Flight Spectra for Autoionizing States of Highly Stripped
Oxygen, Fluorine, Chlorine, and Argon Ions," with D. J.Pegg, R. S. Peterson,
J. R. Mowat, W. W. Smith, J. R. Macdonald, and M. D. Brown, Phys. Rev. A8,
1350 (1973). ' _

Averaged Foil Excitation of the n=2 Hydrogen Levels," with J. R. Mowat, R. S.

Peterson, P. M. Griffin, R. Laubert, and H. H. Haselton, Phys. Rev. Lett. 31,
1335 (1973). | ' -

"Projcct:llg Charge State Dependence of K X-Ray Production by 1-4 MeV/amu
Heavy Ions in Gases," with J. R. Mowat, P. M. Griffin, D. J. Pegg, and R. S.
Peterson, Phys. Rev.: A9, 644 (1974).

'l'lnitial UNISOR Research: New Isotopes 186T1, 188T) 1161; peocays of 189,190T1,
17Xe, and 1171; and Off-Line Atomic and Nuclear Studies," published im the

Proceedings of the Twenty-fourth Annual National Conference of the Academy of

Science USSR on Nuclear Spectroscopy and Structure of the Atomic Nucleus, (1974).

"Ob;ervasion of X X-Rays from Highly Ionized States of Neon Produced by 40 MeV
C1*7, C1*11, and €1*13 Beams,” with M. D. Brown, J. R. Macdonald, P. Richard
and J. R. Mowat, Phys. Rev. A9, 1470 (1974).

"Charge State Dependence of Si K X-Ray Production in Solid and Gaseous Targets
by 40 MeV Oxygen Ion Impact,” with S. Datz, J. R. Mowat, B. R. Appleton,

J. :alstgegtaff, and C. D. Moak, in Atomic Collions in Solids, S. Datz, od.,
P ' 75) .

"Lifetime and Binding Bnergy of the Metastable (lsstp)“Pg aState in S13*." with
D. J. Pegg, H. H. Haselton, P. M. Griffin, R. Laubert, J. R. Mowat, and R.
Peterson, Phys. Rev. A9, 1112 (1974).

"Neon Ka, KB Satellite Structure Induced by 80-MeV Argon-Ion Impact, " with
J. R. Mowat, R. Laubert, R. L. Kauffman, M. D. Brown, J. R. Macdonald, and
P. Richard, Phys. Rev. Al0, 1446 (1974).

.......................................
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*Radiative Transitions in Two-electron Oxygen, ' with D. J. Pegg, P. M. Griffin,
H. H. Haselton, R. Laubert, J. R. Mowat, R. S. Thoe, and R. S. Petersom,
Physics Letters 47A, 433 (1974). .

"New Lines in the XUV Spectrum of Heliumlike Fluorine," with D. J. Pegg, P. M.
Griffin, H. H. Haselton, R. Laubert, J. R. Mowat, R. S. Thoe, and R. S. Petersonm,
Physics Letters 47A, 467 (1974).

"XUV Spectra of Highly Ionized Fluorine and Oxygen," with D. J. Pegg, P. M.
Griffin, H. H. Haselton, R. Laubert, J. R. Mowat, R. S. Thoe, and R. S. Peterson,
Phys. Rev. Al0, 745 (1974).

"Autoionization Lifetimes of the Metastable (1s2s2p)“Ps /2 State in the Lithiumlike
Ions A110+, sill+ and S!3* » ywith H. H. Haselton, R. S, Thoe, P. M. Griifin,

J. R. Mowat, D. J. Pegg, and R. Peterson, published in the Proceedings of the
Fourth International Conference on Atomic Physics, G. Zu Putlitz ed., Heidelberg,
University Press, p. 79 (1974).

"Characterization of Charge States of Energetic Ions in Solids from Associated
K X-Ray Production,"” with Sheldon Datz, B. R. Appleton, J. R. Mowat, R. Laubert,
R. S. Peterson, and R. S. Thoe, Phys. Rev. Lett. 33, 733 (1974).

"Metastable Atomic States of Heavy Ions I: X-Ray Emitting States; II: X-Ray and
Auger Emitting States; III: Auger Emitting States and Astrophysical Topics; Vol.
11, Heavy Ion Lecture Series, Kansas State University, pp. 329, 352, and 380,

respectively (1974). The other lecturers in this series were D. Allan Bromley,

Eugen Merzbacher, Donald Robson, Frans Saris, H. Terry Fortune, J. D. Garcia and
Walter Greiner. ‘ _

"Symmetric Ion-Atom Collisions at Medium Energies I: Characteristic X-Rays,"

with R. Laubert, H. Haselton, J. R. Mowat, and R. S. Peterson, Phys. Rev. A 11,
135 (1975). ‘ ' -

"Observation of Large and Strongly Energy-Dependent Directional Anisotropies in
Non-Characteristic K X-Rays Emitted in Heavy Ion Collisions," with R. S. Thoe,
R. Peterson, P. M. Griffin, D. J. Pegg, J. P. Forester, and M. D. Brown, Phys.
Rev. Lett. 34, 64 (1975).

"Optically Imccéssible Core Excited States of Li and Na," D. J. Pegg, H. H.

Haselton, R. S. Thoe, P. M. Griffin, M. D. Brown, and I. A. Sellin, Phys. Lett,
SO0A, 447 (1975). -

“yariation of the Anisotropy of the Non-Characteristic X-Rays Emitted from
Fast Ion-Atom Collisions,” with R. S. Thoe, R. Peterson, P. M. Griffin, D. J. Pegg|
J. P. Forester, and M. D. Brown, in Proceedings of the Third Conference on
Applications of Small Accelerators, ERDA CONF-741040P1, p. 78 (1975).

nLifetimes of the Metastable Autoionizing (1s2s2p)“P, /2 States of Lithiumlike
Al110% gnd Sill* fons: Comparisons with Theory over the Isoeletronic

Sequence Z = 8 - 18," D. J. Pegg, P. M. Griffin, H. H. Haselton, R. Laubert,
J. R. Mowat, R. S. Thoe, R. S. Peterson, and I. A. Sellin, Phys. Rev. A 11,
468 (1975). .
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"Symmetric Ion-Atom Collisions at Medium Energies: Non-Characteristic Radiation,"
with R. Laubert, H. H. Haselton, J. R. Mowat, and R. S. Peterson, Phys. Rev.
All, 1468 (1975).

"Heliumlike !9F; 23P, and 23P, Lifetimes,"” with J. R. Mowat, P. M. Griffin,
H. H. Haselton, R. Laubert, D. J. Pegg, R. S. Peterson, and R. S. Thoe, Phys.
Rev. All, 2198 (1975).

"Photon Energy Dependence of the Asymmetry of Non-Characteristic X-Radiation in

. 8i-Al and Al-Al Collisions,"” with R. S. Thoe, R. S. Peterson, D. J. Pegg,

P. M. Griffin, and J. P. Forester, in Electronic and Atomic Collisioms, J. S.
Risley and R. Geballe, eds., Univ. of Washington Press, Seattle, p. 312 (1975).

“Autoionizing States Formed in Na' + He and Mg‘ + He Collisions at 70 Kev,"
with D. J. Pegg, H. H. Haselton, R. S. Thoe, P. M. Griffin, and M. D: Brown,
in Electronic_and Atomic Collisions, R. S. Risley and R. Geballe, eds., Univ.
of Washington Press, Seattle, p. 869 (1975). ’

mDifferences in the Production of Non-Characteristic Radiation in Solid and Gas
Targets," with R. S. Peterson, R. Laubert, R. S. Thoe, H. Hayden, S. Elston, J.
Forester, K.-H. Liao, P. M. Griffin, and D. J. Pegg, in Beam-Foil Spectroscopy:
Heavy Ion Atomic Physics, I. A. Sellin and D. J. Pegg, eds., Plenum Press, New
Yor% (1976), Vol. 2, p. 497. . '

"Extreme Ultraviolet Spectrs of Highly Stripped Si Ions,” with P. M. Griffin,
D. J. Pegg, T. Kruse, K. W. Jones, D. Pisano, and S. Bashkin, in Beam-Foil

Spectroscopy: Heavy lon Atomic Physics, I. A. Sellin and D. J. Pegg, eds.,
Plenum Press, New YorE_ii§7§S, Vo%. 1, p. 321.

“Angular Distribution Studies on Non-Characteristic X-Radiation,” with R. S.
Thoe, K.-H. Liao, R. S. Peterson, D. J. Pegg, J. P. Forester, and P. M. Griffin,

in Beam-Foil Spectroscopy: Heavy lon Atomic Physics, I. A. Sellin and D. J. Pegg,
eds,, Plenum Press, New ‘orE I¥5765, P. 477.

"Autoionizing States in Highly Ionized O, F, and Si," with J. P. Forester, R. S.
Peterson, P. M. Griffin, H. Haselton, K.-H. Liao, J. R. Mowat, D. J. Pegg, and

R. S. Thoe, in Beam-Foil Spectroscopy: Heavy Ion Atomic Physics, I. A. Sellin
and D. J. Pegg, eds., Plenum Press, New YorE (1976), vol. 1, p. 451.
"Core-Excited Autoionizing States in the Alkalis," with D. J. Pegg, H. H. Hasel-
ton, R. S. Thoe, P. M, Griffin, and M. D. Brown, Phys. Rev. A 12, 1330 (1975).

"Applications of Beam-Foil Spectroscopy to Atomic Collisions in Solids,"
Nucl. Inst. and Meth. 132, 397 (1976).

"Polarization Measurements on the Non-characteristic Radiation Emitted
from Collisions Between High Energy Aluminum Ions," with R. S. Thoe,
R. S. Peterson, XK-H. Liao, D. J. Pegg, J. P. Forester, and P. M.
GCriffin, Phys. Letters 56A, 89 (1976).

»Differences in the Production of Non-characteristic Radiation in
GCaseous and Solid Targets," with R. Laubert, R. S. Peterson, J. P.
Forester, K-H. Liso, P. M. Griffin, H. Hayden, S. B. Elston, D. J.
Pegg, snd R. S. Thoe, Phys. Rev. Lett. 36, 1574 (1976).

------
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o "Lifetimes and Transition Rates for Allowed In-Shell Transitions in Highly

'-11 Stripped Sulfur,' with D. J. Pegg, S. B. Elston, J. P. Forester, P. M. Griffin,
- H. C. Hayden, R. S. Peterson, and R. S. Thoe, in Proceedings of the Fifth

. International Conference on Atomic Physics, R. Marrus, M. H. Prior, and H. A.
:1 Shugart, eds., University of California, Berkeley, Calif. (1976) p. 166.

e

3 "An Experimental Survey of Electron Transfer in keV Collisions in Multiply

. Charged Ions with Atomic Hydrogen,'" with J. E. Bayfield, P. M. Koch, L. D.

i Gardner, D. J. Pegg, R. S. Peterson, and D. J. Crandall, in Proceedings of the
s Fifth International Conference on Atomic Physics, R. Marrus, M. H. Prior, and
% H.-A. Shugart, eds., University of California, Berkeley, Calif. (1976) p. 126.
b ' :

o “Radiative Lifetimes and Transition Probabilities for Electric Dipole An=0

j Transitions in Highly Stripped Sulfur Ions," with D. J. Pegg, S. B. Elston,

e P. M. Griffin, H. C. Hayden, J. P. Forester, R. S. Thoe, and R. S. Peterson,
:7 Phys. Rev. A 14, 1036 (1976). : -

13 "Dipole Oscillator Strengths for An=0 Transitions in Highly Ionized Sulfur,"
i with D. J. Pegg, S. B. Elston, P. M. Griffin, H. C. Hayden, J. P. Forester,
, -« R. S. Thoe, and R. S. Peterson, Physics Lett. 58A, 349 (1976) .

%? "Charge Dependence of K X-Ray Production in Nearly Symmetric Collisions of

P Highly Ionized S and Cl1 Ions in Gases," with J. R. Macdonald, M. D. Brown,
f - S. J. Czuchlewski, L. M. Winters, R. Laubert, and J. R. Mowat, Phys. Rev,
Al4, 1997 (1976). | .

"Strong Isotope Dependence of K-V'acancy _Production in Slow Ne*-Ne Collisions,"
e with R, S. Peterson, S. B. Elston, R. Laubert, F. K. Chen, and C. A. Peterson,
Phys. Rev. Lett. 37, 984 (1976).

«3 "Projectile Charge-State Dependence in K-Shell Ionization of Neon, Silicon,

i and Argon Gases by Lithium Projectiles,” with F. K. Chen, G. Lapicki, R.

- Laubert, S. B. Elston, and R. S. Peterson, Physics Lett. 60A, 292 (1977).

3 "Overcoming the Doppler Limitation in Beam-Foil Experiments by Target Ion

Spectroscopy,"” in Proceedings, Fourth Conference on Scientific and Industrial

) Applications of Small Accelerators, J. L. Duggan and I. L. Morgan, eds.

3! (International Association of Electrical and Electronic Engineers, Report 76 CH
1175-9 NPS, New York), p. 319 (1977).

Y

x5 "production ¢f Soft X-Ray Emitting Slow Multiply Charged Ions: Recoil Ion

{%’ Spectroscopy,"” with S. B. Elston, J. P. Forester, P. M. Griffin, D. J. Pegg

2 ' R. S. Peterson, R. S. Thoe, C. R. Vane, J. J. Wright, K. O. Groeneveld,

i R. Laubert, and F. Chen, Phys. Lett. 61A 107 (1977).

"The Splitting and Oscillator Strengths for the 2s2S-2p2P? Doublet in
Lithiumlike Sulfur," with D..J. Pegg, J. P. Forester, S. B. Elston, P. M.
Griffin, XK. O. Groeneveld, R. S. Peterson, R. S. Thoe, and C. R. Vane,
Astrophysical J. 214, 331 (1977).

"Oscillator Strengths for In-shell (4n = 0) Dipole Transitions in Li- and
Be-1ike Sulfur," with D. J. Pegg, J. P. Forester, C. R. Vane, S, B. Elston,
P. M. Griffin - K.~O. Groeneveld , R. S. Peterson, and R. S. Thoe, Phys. Rev.
Al5 1958 (1977). '
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